Abstract-Analytical expressions for the electrothermal parameters governing thermal instability in bipolar transistors, i.e., thermal resistance TH , critical temperature crit and critical current C crit , are established and verified by measurements on silicon-on-glass bipolar NPNs. A minimum junction temperature increase above ambient due to selfheating that can cause thermal breakdown is identified and verified to be as low as 10-20 C.
I. INTRODUCTION

I
N PART I of this paper, a novel back-wafer contacted silicon-on-glass integrated bipolar technology for radio frequency (RF) applications was presented [1] . Considerable reduction of device size and parasitics was achieved by using substrate transfer to glass, trench isolation and low-ohmic collector contacting via the back-wafer. The use of isolating materials (mainly glass, oxide, and nitride) not only yields a perfect RF isolation but also provides an almost perfect thermal isolation. The heat generated within the device itself can only spread very slowly into the substrate and is largely confined to the silicon lattice of the active device. This results in an extremely large equivalent thermal resistance of the silicon-on-glass NPNs and a strong electrothermal feedback during device operation. Even in small, single-emitter devices operating at relatively low power levels thermal instabilities are readily observed. In bulk-silicon processes, on the other hand, thermal instability is seen only in large high power devices. Observations of such phenomena date back even to the late '50s [2] - [4] . Several efforts have been devoted towards determining the conditions that lead to thermal instability. Some detailed theories at carrier level have been proposed [5] - [7] , in which the authors focus on evaluation of the local hot-spot temperature that triggers thermal breakdown in single-emitter devices. Such mechanisms are usually related to operation regimes under very high currents and voltages. Conditions were sought for which a perturbation of the current distribution at one place leads to a localized increase in the power density and temperature, which can cause thermal breakdown. A different, circuit-level approach has been pursued by yet other authors, who concentrate on the derivation of the biasing conditions and associated temperature that lead to thermal breakdown in multicellular devices. These approaches can be classified as either analytical [8] - [10] , semi-analytical [11] , [12] or numerical [13] . The present silicon-on-glass transistors are the first silicon-based devices, in which the absence of efficient heat sinks enables the experimental study of thermal breakdown at such low current levels that neither high-current/voltage effects nor series resistances dominate the device behavior. In such single-emitter, low-power transistors a perfect thermal isolation is combined with a limited device size and it is safe to assume that the junction temperature is constant along the device. Under these conditions it has been possible to get a clear view of the selfheating and thermal breakdown mechanism, whereby very simple device models could be formulated and verified experimentally. First, a temperature-independent formulation for the baseemitter voltage temperature coefficient is established. This enabled the definition of a new compact analytical model for the rise in junction temperature, called the critical temperature rise , necessary for thermal breakdown. It is proven here that for bipolar transistors with very high thermal resistance and small series resistances, such as RF devices, the critical temperature rise above ambient is a weak function of both the device biasing conditions and thermal resistance, and can be as low as 10-20 . Similar results have been achieved by previous authors [11] , [14] - [16] . The formulation of the critical temperature presented here is, however, complete, explicit and analytical, and also verified experimentally. Among the other things the role of internal and external series resistances for the electrothermal response of the transistor becomes clear from this new model. The applicability of this formulation for the extraction of thermal resistance is demonstrated by the experiments described in Part I. Moreover, the formulation of leads to a novel equation for determining the critical current 0018-9383/04$20.00 © 2004 IEEE leading to thermal breakdown. Finally, the applicability of the -characteristics for determining the safe operating area of devices that exhibit measurable selfheating is analyzed and a generally applicable, straightforward measurement technique is defined for predicting the critical biasing conditions. All results are supported by electrical measurements, numerical device simulations and nematic liquid crystal imaging of the device temperature.
II. NOMENCLATURE AND BASIC ASSUMPTIONS
The lumped-resistor model of the transistor and biasing conventions used in the following derivations are given in the circuit diagram shown in Fig. 1 along with a subcircuit describing the electrothermal feedback. The dissipated power is related to the device temperature as (1) where is the equivalent thermal resistance, is the dissipated power, is the ambient temperature, and is the junction temperature [17] . The thermal resistance is assumed to be bias independent. This is a reasonable assumption when the thermal resistance is dominated by the device surroundings and not by size modulation of the heat source [18] , [19] . The emitter, base, and collector series resistances are denoted , , and , respectively, for internal parasitics and , , and , respectively, for external (ballasting) resistors. The voltage that drops across the base-emitter junction itself is defined as the internal emitter-base voltage . The externally applied voltages are specified by the suffix . The relationship between the and is given by (2) where is the emitter area, is the collector-current density, and is given by where is the current gain of the device. Only forward active mode of operation is examined so the dissipated power in the device can be expressed as
where The device is biased through the external resistors in a common-base configuration. Either a current or voltage source is applied to the emitter terminal. In the forward linear region of interest here the current gain is much larger than unity and will be assumed equal to . Since the devices under consideration show thermal breakdown at low power levels with correspondingly low collector-current levels, high-current effects can be assumed negligible. The following analytical expression is therefore used to relate to [20] , [21] - where is the mobility power factor, is a temperature independent coefficient, is the extrapolated silicon bandgap voltage in the base at 0 K, and is the thermal voltage. Avalanching and Early effects are also assumed negligible, and the temperature distribution across the device is assumed to be uniform. All these assumptions are shown in the following to be valid for the small, thermally well-isolated silicon-on-glass devices that are studied experimentally here.
III. THE BASE-EMITTER VOLTAGE TEMPERATURE COEFFICIENT MODEL
A parameter generally adopted to describe the electrothermal behavior of a bipolar transistor is the base-emitter voltage temperature coefficient [9] , [13] . This coefficient is defined as the shift required to keep the collector-current constant as the junction temperature changes [8] , [22] (5) Since always increases with temperature, is negative, regardless of the material in which the transistor is fabricated. As a first step toward a formulation of , an analytical expression for is derived. Equation(5) can be applied to both the internal and external base-emitter voltages and two corresponding coefficients and are defined. By inserting (2) and (4) in (5) a straightforward calculation gives (6) (7) where is Boltzmann's constant, is the electron charge and In Appendix A the term is evaluated and found to be negligible with respect to . Thus (8)  whereby is shown to be a function of the current density and temperature. To further simplify the expression for , the relationship to and has been evaluated experimentally. Measurements presented in this paper were performed on silicon-on-glass transistors with an emitter area using a HP4156B parameter analyzer and a Cascade probe station equipped with a thermal chuck. Gummel plots were measured at different substrate temperatures ranging from 300 K to 380 K, which amply covers the expected range of . The measurements were performed in pulsed mode on a device with the lowest available thermal resistance and with V. Fig. 2 shows the base-emitter voltage as a function of temperature for different fixed collector-current densities. The slope is given by the differential of each curve. These are all linear and thus is temperature independent. There is, however, a clear dependence on , which is accentuated in the graph by the dashed lines that are parallel to the curve for the lowest value. Based on this experimental evidence a temperature-independent model has therefore been adopted (9) where the values for , and are extracted from the measurements. Fig. 3 shows the agreement between the model and the experimental data for this particular device. Theoretically this temperature-independent approximation is also expected to be quite accurate because the logarithmic relationship to in (8) makes a weak function of the junction temperature itself. The dependence on , on the other hand, cannot be neglected because in the usual operating regime of the transistor the current varies by several decades. 
IV. MODEL FOR THE CRITICAL JUNCTION TEMPERATURE
In Part I of this work, several Gummel plot measurements of silicon-on-glass NPN BJT's are shown for both the voltage-controlled mode and the current-controlled mode. Thermal runaway is readily observed in the voltage-controlled mode as a sharp increase in collector-current with base-emitter voltage, leading to the immediate burnout of the transistor. The point of onset of thermal instability can be detected in the current-controlled Gummel plot as the boundary point between the positive and the negative differential resistance region (flyback point or snapback point). This critical point is found as the biasing point for which [23] (10) that is equivalent to [7] , [11] , [24] (11)
Thus for each applied collector-base voltage a critical collector-current density can be determined from these relationships. The values set a limit for safe device operation. Since the thermal runaway is a feedback phenomenon in which the collector-current increases due to a temperature increase and vice versa, it is essential to accurately determine both and . In the following a theoretical formulation for the critical temperature as a function of is obtained by inserting (1)-(4) and (9) in (10) . The complete derivation is given in Appendix B and results in a compact analytical expression for the temperature increase above ambient at the critical point as a function of biasing conditions and series resistances. The is expressed as the sum of three individual temperature rises (12) where
1) The first term is the temperature rise necessary for reaching thermal runaway in the absence of any series resistances, either parasitic or externally applied, and is given by (13) where the base-emitter voltage temperature coefficient is temperature independent as in (9). 2) The second term represents the temperature rise necessary to compensate for the voltage drop -across the emitter and base series resistances, and , shown in 
3) The third term is the temperature rise necessary to compensate for the influence of the external collector and emitter series resistance on the applied voltage (15) Equation (12) can be rewritten in terms of (16) Both (12) and (16) are generally applicable. From (1) the thermal resistance can be expressed as (17) which, by inserting in (16) and solving for is equivalent to [see (18) , shown at the bottom of the page]. Thus both and can be found if is known.
Very often the is too high to be measured and alternative methods are used to estimate reasonable values of
. By using such a value of and assuming to be constant, an equation for can be derived from (16) and (17) 
Thus, by means of (16), (18), and (19) the complete set of parameters ( , , and ) can be found if one of the three is known. If is approximated by , and the influence of each individual series resitance is not explicitly taken into account, the expression for can be simplified to give (20) as was already found in previous works [8] , [25] . given by (13) represents the minimum temperature rise that can cause thermal breakdown in a bipolar transistor. The increases for each added series resistance through which the internal device is biased. In the situation with no added external resistors (i.e.,
) and very high thermal resistance, where the onset of thermal instability occurs at such low current levels that the internal series resistances have no influence, (16) becomes (21) The graphical representation of (21) is shown in Fig. 4 , where is plotted versus the critical collector-current density . It can be seen that the minimum junction temperature that can lead to thermal breakdown in silicon BJT's is small and almost constant (314-320 K) within a wide range of critical current densities. The follows the thermal resistance and collector-emitter voltage, so it is concluded that the exact values of , and are not of a great significance for the critical junction temperature as long as the thermal resistance is very high.
A. Electrical Measurements
The influence of external resistors on and the associated has been studied by performing emitter current-controlled measurements on a silicon-on-glass NPN BJT where resistors of different values were connected to either the emitter or collector. Theplots are shown in Fig. 5(a) and (b). Note that an emitter ballasting resistor has a much greater effect on the electrothermal feedback than a collector resistor of the (18) same value. Simultaneous extraction of and is performed using the results shown in Fig. 5(a) and (b) and following the procedure explained above. Each temperature term of (12) that contributes to the overall temperature increase is plotted in the histogram presented in Fig. 5(c) . It can be seen that significantly changes with and can become dominating for large resistance values. On the other hand, the impact of on is noticeable only for very high values of and/or . The extracted thermal resistance values are also shown in Fig. 5(c) . They are quite constant, showing that the measurement method is not sensitive to variations in biasing condition.
B. Device Simulations
The device simulator MEDICI [26] , where selfheating can be included by solving the lattice heating equation, has also been used here to verify the theoretical formulation of . The NPN transistor shown in Fig. 6(a) was used in the simulations. The vertical doping profiles of the active E-B-C regions, shown in Fig. 6(b) , were imported into MEDICI. The thermal electrode was defined at the emitter side of the device and a lumped thermal resistance of was connected to this electrode. The ambient temperature was set to 300 K and a voltage V was applied. Fig. 7(a) shows the comparison between the simulated and measuredcharacteristics. Excellent agreement is achieved: MEDICI derives a maximum lattice temperature of 319.1 K in the critical point, while the analytical model gives 319 K. The situations for V and V are also depicted in Fig. 7(b by connecting different lumped thermal resistances in the range from to to the thermal electrode. In Fig. 7(c) the numerical results are compared to results of the analytical model applied to the experimental characteristics of devices with different heat spreaders presented in Part I. In this figure is seen to decrease with increasing as would be expected.
C. Nematic Liquid Crystal Measurements
In Part I, nematic liquid crystal (NLC) temperature mapping has been used to visualize the heat distribution over and around silicon-on-glass devices. NLC measurement of the critical temperature is given here as a further support to the proposed analytical formulation. The measured device geometry is sketched in Fig. 8(a) . In Fig. 8(b) and (c) , microscope images of the devices covered with a thin layer of NLC and contacted at the base, collector and upper emitter E1, are shown. The device was biased at the critical point and the chuck temperature was varied by steps of 0.5 . The image shown in Fig. 8(c) was taken when a dark region appeared over the top emitter finger. Since the clearing point of the applied NLC is 56. 5 and the chuck temperature was set to 32 , a corresponding of 24.5 was concluded. Similar values of , ranging from 22 to 25 , were also obtained for various other devices. The measured by this method is slightly higher than expected from the simulated and electrically measured values. This can very well be ascribed to an increased series resistance when contacting the device terminal pads with probe needles through the liquid crystal layer and the higher ambient temperature.
V. DETERMINATION OF CRITICAL BIASING CONDITIONS FROM -CHARACTERISTICS
It is shown in this section that the -characteristics for fixed collector-currents can be used to extract the critical power that leads to thermal breakdown. Under forward active operation, two concurrent mechanisms give an increase of for increasing and fixed : one is the Early effect (electrical feedback) and the other is the selfheating effect (thermal feedback) [27] . For a fixed these mechanisms lead to a decrease with increasing . If the thermal feedback is dominating, which is the case for most modern RF devices, it can be derived that is a linear function of and the slope of one -characteristic is given by (22) This slope is negative since the base-emitter voltage temperature coefficient is negative. Equation (22) is used below to find the increase in that is necessary for inducing thermal breakdown at a given . Since the currents and voltages applied over the device determine the dissipated power, can then be found.
We define as the change of induced by a junction temperature change going from to (23) Since the coefficient can be assumed temperature independent, (23) By inserting (1) and (3) At the critical point, (22) implies that (26) By combining and rearranging (22) and (24)- (26), becomes (27) To illustrate the use of this formula for determining , consider the measurement shown in Fig. 9(a) . For a given NPN BJT the -characteristic has been measured with a forced collector-current of 0.6 mA. The values of and V are directly extracted from the measurement and used to calculate a value of 1.8 V from (27) . To validate this result, the current-controlledcharacteristics for both and 1.8 V have also been measured as shown in Fig. 9(b) . The critical point for V occurs at a collector-current of 0.62 mA.
The above analytical method of finding demands a calculation of and thus values for , and from (9) must also be extracted from measurements. Moreover, in general the influence of both the thermal and electrical -feedback on the slope must accurately be taken into account.
A more direct, geometrical way of measuring for a fixed , which is not sensitive to the -electrical feedback, is made possible by using the following equivalency: (28) that states that the intersection point of two -curves for the currents and tends toward the critical point (as defined in the plane) for going to zero. An example of such a measurement is shown in Fig. 10 . Here and have been chosen equal to 0.7 mA and 0.1 mA, respectively, and the -characteristics for and 0.8 mA have been measured. The intersection point of the two lines occurs at V. The validity of this result is substantiated by the corresponding current-controlled -characteristic for V, for which is found to be 0.7 mA. Usage of the intersection point to determine values that are too large to measure (i.e., the thermal resistance is lower). If the selfheating is high enough to allow an accurate determination of the slope then the intersection point can be extrapolated. The method was also validated by MEDICI simulations [28] .
VI. DISCUSSION AND CONCLUSIONS
In this paper, a set of analytical expressions have been derived for the parameters , and , which describe the electrothermal bipolar transistor behavior. If one of these parameters is known, the other two can be determined. In the present silicon-on-glass devices the critical current is known because it is low enough to be accurately measured as a flyback point in the current-controlled Gummel plot. The critical temperature and thermal resistance could therefore be derived and the results are substantiated by numerical simulations and nematic liquid crystal temperature mapping. The analytical expression for is particularly interesting because it is an explicit function of thermal resistance and the biasing conditions at thermal breakdown. It gives an excellent basis for understanding the influence of thermal resistance and biasing conditions on the temperature rise necessary for reaching thermal instability. The significance of each term contributing to as expressed by (12) is better understood by looking at the simulation examples shown in Figs. 11(a) and (b) .
MEDICI-simulated emitter current-controlledcharacteristics of a silicon-on-glass device where no series resistances attenuate the collector or base current (i.e., ) are shown in Fig. 11(a) . Typical thermal resistance values for low-power RF devices are chosen in the range 1000-10 000 K/W for which goes from 500 down to 34
. In the situation with a very high , is equal to the first term in (12) as given in (13). This expresses the minimum temperature rise that, for a given , can lead to thermal runaway in voltage-controlled mode. From (5), (9) and (13) it is clear that selfheating will have reduced at the critical point by an amount of (29) With this definition, the critical can be written as
The versus , versus and versus for are also indicated in Fig. 11(a) . The and thus also increases with but for a room temperature ambient the increase is only marginal over the range of interest here. In principle, for , will continue to increase, but at some point the assumptions that the temperature distribution across the device is uniform and that the effect of the series resistances can be neglected will no longer hold. For , will approach . This result is noteworthy in two respects : 1) is essentially the same for all devices and approximately equal to as long as is very high (as is the case with silicon-on-glass devices).
2) The value of V is very small compared to the built-in voltage over the e-b junction ( 1 V). In the case where is low, is also low so the effective potential over the e-b junction is high, for example 0.5 V. In this situation the current flowing through the junction at the critical point is obviously much too low to create a flatband situation, which has sometimes been suggested to be the situation necessary for inducing thermal runaway [29] , [30] . Since is almost independent of , it can be concluded that it is the very high rate of current increase with increasing temperature at the critical point, and not a drastic reduction of the potential across the e-b junction, that is essential for thermal instability. However, after the onset of thermal instability in voltage-controlled mode, the current and temperature could continue to rise and eventually lead to a flatband situation. The significance of the last two terms in (12) is illustrated in Fig. 11(b) . These two terms include the influence of emitter/base series resistances (second term) and emitter/collector series resistance (third term). Severalcharacteristics are shown in which is varied for fixed at 0 K/W (case without selfheating) and 10 000 K/W (case with selfheating). In the case without selfheating, the voltage drop over will lower the voltage over the intrinsic device junctions and effectively reduce . The versus , versus , and versus for are also shown. Since depends on through , and increases through the second and third term in (12) , is increased slightly more above than if were absent. As has been demonstrated through the results presented in the histogram given in Fig. 5(c) , the bulk of the increase of above comes from the second term itself, which accounts for a shift of -
This shift exactly counteracts the attenuation due to the voltage drop over series resistances . In the same way, the third term accounts for a current increase to compensate for the attenuation due to emitter/collector series resistance.
In advanced RF BJTs where very high frequencies are reached at high current densities, emitter contact resistance becomes a limiting factor and reduction of it has become a very important issue. However, it has been demonstrated here that any decrease in the device series resistances will lower both the and . Thus, there is a trade-off between electrical and thermal isolation that becomes more and more critical as RF device design pushes toward perfect dielectric isolation and elimination of all parasitics, making selfheating and coupling thermal effects critical design parameters in RFIC's.
The analytical formulation of gives a valuable tool for analyzing the mechanism of thermal instability. Combined with the -measurement technique, it increases the possibilities of identifying the critical biasing conditions of a given device.
APPENDIX A
In this section, we provide a short description of the derivation of (8) .
The term (A.1)
can be reasonably approximated by (A.2) when the current gain is greater than unity as in forward active mode.
In order to evaluate the order of magnitude of , it is possible to assume that the internal resistances and are temperature independent. This leads to (A.3)
The current gain increases as temperature increases [31] , and this dependence can be described by means of the following law [32] : (A.4) where is the current gain at ambient temperature and is the emitter bandgap narrowing [20] . On the basis of the expression given by (A.4), the function becomes The first differential term from (B.3) can be derived using (2) and (4) (B.4)
The second differential term from (B.3) is given by (5) and the third one can be derived using (1) and (3) (B. 
